We describe the characterization of IETI, the first trypsin inhibitor purified from Inga edulis, a tree widely distributed in Brazil. Two-step chromatography was used to purify IETI, a protein composed of a single peptide chain of 19,685.10 Da. Amino-terminal sequencing revealed that IETI shows homology with the Kunitz family, as substantiated by its physicalchemical features, such as its thermal (up to 70 °C) and wide-range pH stability (from 2 to 10), and the value of its dissociation constant (6.2 nM). IETI contains a single reactive site for trypsin, maintained by a disulfide bridge; in the presence of DTT, its inhibitory activity was reduced in a time-and concentration-dependent manner. IETI presented activity against Candida ssp., including C. buinensis and C. tropicalis. IETI inhibitory activity triggered yeast membrane permeability, affecting cell viability, thus providing support for the use of IETI in further studies for the control of fungal infections.
Introduction
The first records of fossils indicate the establishment of early land plants almost 500 million years ago (Heckman et al. 2001) . This period was probably followed by first interactions of plants with microbes and fungi. Although we can only speculate about subsequent events, the evolution of plants has triggered molecular interactions with all other organisms (Chisholm et al. 2006) ; our current knowledge about plants shows that several defense-related genes have emerged to deal with threats to survival and plant perpetuation. These genes encode proteins that include the chitinases, glucanases, lipid transfer proteins, chitin-binding lectins, thionins and peptidase inhibitors (Melo et al. 2002) , which present a myriad of biological activities that have been biochemically refined throughout the extensive and constant process of evolution.
Peptidase inhibitors (PIs) are a group of heterogeneous proteins, involved in plant defense against insects and pathogens, which exert their effects by the inhibition of peptidases. These proteins are widely distributed in plant tissues and play dual roles in both defense and storage. The biological properties of PIs can be mediated by molecular regions that differ from the protein's reactive site or via other mechanisms beyond the formation of the peptidase-inhibitor complex. The wide spectra of biological activities of the PIs appear to be the consequence of a structural fold that is shared by some PIs, named the β-trefoil fold (Azarkan et al. 2011) .
The Kunitz family of PIs presents the β-trefoil fold and is currently grouped in the MEROPS database as Family I3 (Rawlings et al. 2012) . The major enzymes inhibited by this family are serine, cysteine and aspartic peptidases; to date, Kunitz PIs have not been reported to inhibit metallopeptidases (Oliva et al. 2010) . Most Kunitz inhibitors present a molecular mass of 10-25 kDa; however, a growing number of Kunitz inhibitors that have been characterized do not present a unique pattern of disulfide bridge numbers and polypeptide chains. Although the significance of PIs in plant tissues is related to plant protection, some PIs have been evaluated for their potential to control bacteria, fungi, cancer, viruses, and other human pathogens (Bhattacharyya and Babu 2009; Bijina et al. 2011; Li et al. 2014) . Species from the Candida genus are frequently found in human opportunistic infections. In Brazil, Candida albicans and C. tropicalis are most prevalent in the hospital environment (Kobayashi et al. 2004) , and episodes of Candida infections showing resistance against azole antifungals have been overwhelming (Whaley et al. 2016) . Cases involving Candida are the 4th most common among nosocomial bloodstream infections, but present a mortality rate of close to 50%. As such, patients that need venous catheter placement, parenteral nutrition, surgical procedures, hemodialysis, amongst other procedures require prolonged broad-spectrum antibiotic therapy and are susceptible to infection (Kumar et al. 2018) . New alternatives to control this and other microorganism are urgently needed and the Kunitz PIs, therefore, represent a group of promising molecules.
Our group has focused on the study of plants distributed in Mato Grosso do Sul, a state with two important Brazilian biomes: the Cerrado and Pantanal. These biomes house a high number of endemic species, some of which have not yet been described or characterized. Worryingly, the growth of cities and crops over natural coverage puts the discovery of new species at risk and may even cause the extinction of many others. Thus, our goal is to characterize new bioactive plant-derived molecules and show the importance of conservation from both the ecological and biotechnological points of view. The Inga genus is common in this region, with some species known to be sources of molecules of biotechnological interest (Macedo et al. 2007; Ramos et al. 2012; da Silva Bezerra et al. 2016) . For the first time, we purified a trypsin inhibitor from Inga edulis seeds, and described it physic-chemical features in this report. This inhibitor, designated IETI (I. edulis trypsin inhibitor), belongs to the Kunitz family and demonstrates efficacy in the control of the Candida species. Since alternatives to control microbial infections are needed, we present herein the purification and physical-chemical and biological characterization of IETI. 
Materials and methods

Materials
Purification of IETI
Inga edulis seeds were ground and extracted (1:10, w/v) with 100 mM sodium phosphate buffer, pH 7.6, for 3 h at 4 °C and then centrifuged at 7500×g for 30 min at the same temperature. The supernatant was dialyzed against water at 4 °C, lyophilized and denominated as crude extract (CE). The inhibitory activity of CE against trypsin was assayed. For IETI purification, the CE (60 mg) was dissolved in 2 mL 50 mM potassium phosphate buffer, pH 7.0, and loaded onto a Sephadex G-100 column (80 × 3 cm) equilibrated with the same buffer. Fractions of 3 mL were collected at a flow rate of 40 mL h −1 . The fractions with inhibitory activity against trypsin were pooled, lyophilized and loaded onto a trypsin-Sepharose column (4.6 × 80 mm). This chromatographic step was performed in ÄKTA pure 25 L, equilibrated with 50 mM potassium phosphate buffer, pH 7.6. The sample was previously dissolved in buffer A (5 mg mL −1 ) and the peaks were automatically collected at a flow rate of 1.5 mL min −1 , 50 mM using HCl for elution of bound peak. Absorbance was monitored at 280 nm.
Polyacrylamide gel electrophoresis
SDS-PAGE (12%) was performed according to Laemmli (1970) , using low-range molecular weight standards. Proteins were detected by staining with 0.1% Coomassie brilliant blue R-250.
Protein quantification
Protein concentrations were determined by Coomassie blue staining using the Bradford method (1976), adapted to a microplate protocol, with serially diluted BSA as standard.
Inhibitory activity assays
For trypsin inhibitory activity (0.125 mg mL −1 ), the enzyme was incubated with different concentrations of EtTI in 50 mM Tris-HCl buffer, pH 8.0. After a 10-min incubation at 30 °C, 200 µL of 1 mM BAPNA was added (final assay volume of 270 µL) and substrate hydrolysis was monitored at 410 nm for 30 min, using a microplate reader (Multiskan™ GO, Thermo Scientific), according to Oliveira et al. (Oliveira et al. 2012 ). For chymotrypsin inhibitory activity (1 mg mL −1 ), the enzyme was incubated with different concentrations of EtTI in 50 mM Tris-HCl buffer, pH 8.0. After a 10-min incubation at 30 °C, 20 µL of 1 mM SAAPFPNA was added (final assay volume of 120 µL) and substrate hydrolysis was monitored at 410 nm for 5 min.
Amino acid sequencing
IETI amino-terminal sequencing was carried out by Edman degradation on Shimadzu PPSQ-31B/33B. The equipment was previously calibrated with PTH-amino acid mixture standard and IETI bound to a PVDF membrane for analysis. Phenylthiohydantoin-amino acids were detected after separation on an RP-HPLC C18 column (4.6 mm × 250 mm), according to the manufacturer's instructions. The resulting sequence from amino-terminal sequencing was subjected to an NCBI protein BLAST search and the sequences that produced significant alignments used in multiple alignments using the T-COFFEE Multiple Sequence Alignment Server (Notredame et al. 2000) .
Kinetic parameters
The kinetic parameters of Km and dissociation constant (Ki) were analyzed with the aid of SigmaPlot (Systat Software, Inc.). The data obtained from assays using different substrate (0.4-1 mM BAPNA) and inhibitor concentrations (0-11.78 µM IETI) were analyzed using the tight-binding inhibition study. The stoichiometric ratio between IETI and trypsin was also determined. Increasing concentrations of IETI were incubated with a fixed concentration of trypsin. All experiments were performed in triplicate.
Stability of IETI activity
The stability of EITI to thermal variation was evaluated by incubating an aliquot of inhibitor (0.5 mg mL −1 in 50 mM Tris-HCl, pH 8.0) for 30 min at different temperatures (30-100 °C) or pH (from 2 to 10), followed by an assay to estimate the inhibitory activity against trypsin. To evaluate EtTI stability, following the reduction of disulfide bridges, EtTI was incubated with DTT at final concentrations of 1, 10 and 100 mM for 15, 30, 60 and 120 min at 30 °C. The reaction was ended by adding iodoacetamide at twice the amount of each DTT concentration. The inhibitory activity against trypsin was then determined. Experiments were carried out in triplicate.
Antifungal activity assays
Growth inhibition assay
Inocula from C. albicans, C. buinensis and C. tropicalis were transferred to Petri dishes containing Sabouraud agar and allowed to grow at 30 °C for 24 h and subsequently quantified in a Neubauer chamber. Initially, the yeast cells (1 × 10 4 cells mL −1 ) were incubated in 200 µL of Sabouraud broth containing 200, 300 and 400 µg mL −1 IETI. The assay was performed in 96-well microplates at 30 °C for 24 h. Optical readings at 620 nm were obtained every 6 h during a 24-h period. The optical readings for Cryptococcus were obtained every 6 h during a 72-h period. Control cells were grown in the absence of IETI. The entire procedure was performed according to Broekaert et al. (1990) with minor modifications. The experiments were carried out in triplicate.
Plasma membrane permeabilization
Candida albicans, C. buinensis and C. tropicalis yeast cells (1 × 10 4 cells mL −1
) were incubated in Sabouraud broth containing 200 µg mL −1 IETI. This assay was performed as described in "Growth inhibition assay". Plasma membrane permeabilization was measured using the DNA intercalator, Sytox green dye, according to the methodology described by Thevissen et al. (Thevissen et al. 1999b) . After 24 h of IETI incubation, 96 µL aliquots of each yeast cell suspension were incubated with 0.2 µM Sytox green in a 1.5-mL microtube, for 30 min at 25 °C under constant agitation. Cells were observed under differential interference contrast (DIC), using a microscope (Axiovison 4, Zeiss) equipped with a fluorescent filter set for detection of the fluorescein (excitation wavelength, 450-490 nm, emission wavelength 500 nm).
Statistical analysis
The results are expressed as means ± SD, where appropriate. Data were examined using one-way analysis of variance (ANOVA), with post test Tukey when P < 0.05.
Results and discussion
For purification of IETI, we used a two-step process: gel filtration followed by bioaffinity chromatography. Since the IETI CE was rich in pigments, we used a bioaffinity column as the last purification step to extend its half-life. The G-100 column separated the IETI CE into three peaks, where the first peak was rich in pigments while the second peak presented the major trypsin inhibitory activity (PII, Fig. 1a ). Peak P II was then pooled, dialyzed and subjected to bioaffinity chromatography using HCl in the elution step to yield IETI as a single peak (Fig. 1b) in homogeneous form. This purified IETI was verified by SDS-PAGE and MALDI-TOF (Fig. 2) and presented an intact mass of 19,685.10 Da. The trypsin-Sepharose sample yield was 6.6%, representing a purification of 12-fold (Table 1) .
A m i n o t e r m i n a l s e q u e n c i n g i d e n t if ied t he f irst 24 amino acids of IETI as (NH 2 -GVGLIGLGEMVKNGGKYYIVPAIN-COOH), demonstrating homology with the Kunitz inhibitor family, and presenting the highest similarity with inhibitors from Cicer arietinum (90%) (Srinivasan et al. 2005) , Medicago truncatula (90%) (Tang et al. 2014) , Adenanthera pavonina (90%) (Richardson et al. 1986 ), Canavalia lineata (75%) (Terada et al. 1994) , Inga vera (73%) (da Silva Bezerra et al. 2016), Inga laurina (73%) (Macedo et al. 2007) , and Bauhinia variegata (69%) (Di Ciero et al. 1998) (Fig. 3) . With regard to its inhibitory activity, IETI inhibited only trypsin, similar to other trypsin inhibitors (ILTI and IVTI) from the Inga genus (Macedo et al. 2007; da Silva Bezerra et al. 2016) . The specificity of molecules purified from the Inga genus for trypsin inhibition appears to be an important characteristic of these proteins, as the inhibitory activity of Kunitz inhibitors varies widely. Inhibitors active against trypsin, chymotrypsin, elastase and other peptidase families, such as the cysteine peptidases, have been previously reported (Sumikawa et al. 2006; Migliolo et al. 2010; Oliva et al. 2010) .
The inhibition stoichiometry of IETI was investigated to determine the number of reactive sites for trypsin. Increasing the molar inhibitor:enzyme ratio produced a linear pattern of inhibition with a molar ratio of 1:1 (Fig. 4) . The initial high affinity observed between IETI and trypsin was similar to that observed for the trypsin inhibitor from Entada scandens (Lingaraju and Gowda 2008) and followed the pattern observed for PIs with single reactive sites. The experimentally determined dissociation constant (Ki) was 6.2 nM, and the enzyme showed high affinity to bovine trypsin, as also reported for other Kunitz inhibitors (Macedo et al. 2007; Oliveira et al. 2012; Ramalho et al. 2018 ).
The stability of IETI inhibitory activity was assayed over a range of temperatures, pHs and in the presence of the reducing agent, DTT. The inhibitor exhibited remarkable stability over a pH range (Fig. 5a ) of 2-10. Although these pH values did not affect the protein's inhibitory activity, temperature and DTT affected IETI activity. Temperatures of up to 70 °C did not alter the inhibitory activity of IETI (Fig. 5b) ; however, a loss of inhibitory activity of approximately 50% was observed at 80 °C, while temperatures of 90 °C and 100 °C reduced the activity of IETI by 60% and 68%, respectively. Even the lowest DTT concentration assayed (1 mM) was enough to affect the inhibitory activity (Fig. 5c ). The decrease in inhibitory activity ranged from 40 to 70% within 60 min of incubation. Exposure to DTT for longer periods (120 min) increased the loss in inhibitory activity, and this effect was both dose and time dependent. DTT probably decreased the activity of IETI by reducing the enzyme's disulfide bridges, as the effect of DTT on inhibitory activity depends upon its topological localization in relation to the protein's reactive site. When disulfide bridges are involved in reactive site structural maintenance, minimal concentrations of DTT have significant effects upon an enzyme's inhibitory activity. However, some PIs possess a reactive site that is stabilized by hydrogen bonds; for these proteins, DTT has no effect on inhibitory activity even at high concentrations. This characteristic has been previously reported for ETI, a trypsin inhibitor from Erythrina caffra (Onesti et al. 1991) . For EATI, a trypsin inhibitor from E. acaciifolia (Oliveira et al. 2012 ), a disulfide bridge was found to be involved in the maintenance of overall structure, and the reduction of this disulfide bridge led to the reduced stability of the enzyme against thermal and pH variation. With regard to IETI, there is a clear involvement of the disulfide bridge in reactive site stabilization; this feature could be explored during miniaturization of the molecule and it may be possible to synthesize small reactive sites or even cyclic peptides for further experiments.
The potential of IETI to control Candida ssp. was evaluated to determine whether this protein has antifungal activities. The effect of IETI on fungal growth was evaluated for three species; Fig. 6 demonstrates that IETI affected each species differently. While no inhibition of C. albicans was observed (Fig. 6a) , IETI inhibited the growth of C. tropicalis by approximately 50% at all concentrations tested (Fig. 6b) . Of the three species, C. buinensis was the most sensitive to IETI, demonstrating inhibitions of 51%, 81% and 87% for 200, 300 and 400 µg mL −1 IETI, respectively (Fig. 6c) . The IC 50 of IETI for C. tropicalis and C. buinensis was found to be 200 µg mL −1 . From the molecular mass of IETI, an IC 50 of 10.2 µM was calculated, which is a similar IC 50 to those reported for other plant molecules (Kim et al. 2005; Zottich et al. 2013; Taveira et al. 2016) . Since different proportions of inhibition were observed, we investigated whether IETI alters the membrane integrities of C. tropicalis and C. buinensis by fluorescence microscopy.
IETI-treated C. buinensis cells presented prominent labeling for the Sytox probe (Fig. 7) , indicating that the inhibitor was able to affect the structural integrity of the plasma membrane, allowing the entry and labeling of the dye. In control cells, we noticed a normal morphology and distribution, with rounded and well-defined cells, and low detection of fluorescence. At its IC 50 , IETI treatment (200 µg mL −1 ) caused severe changes in both the morphology and distribution of C. buinensis, with loss of rounded shape and the visualization of cytoplasmic disorganization, in addition to an observed difficulty for the cells to release buds (Fig. 7, inset) . A similar membrane permeabilization was also observed when C. tropicalis was incubated with IETI, as demonstrated by the higher number of probe-tagged cells when compared to control cells (Fig. 8) . Such alterations are commonly observed in intoxicated cells in response to fungicidal compounds. In contrast, the effects of IETI on cytoplasmic disorganization and bud release impairment in C.tropicalis were less evident. Finally, IETI-treated C. albicans did not present fluorescence labeling (data not shown). These differences in fungal susceptibility might suggest that the antifungal activity of IETI is initially mediated by specific interactions on the membrane surface.
The assays carried out with Cryptococcus ssp. showed the IETI was not able to control the growth of the yeast (Fig. 9) . The Cryptococcus genus is composed by oval and round yeasts (4-6 µm in diameter), surrounded by a capsule that can be up to 30 µm thick (Page et al. 2008 ). The capsule is majorly composed by glucuronoxylomannan and galactoxylomannan, with a minor proportion of mannoproteins (Zaragoza et al. 2009 ). The lack of activity of IETI on Cryptococcus ssp. might be related to the ability of the inhibitor to cross the polysaccharide capsule and to reach the plasma ) for 24 h. Optical readings were measured at 620 nm and results represent the mean ± standard deviation of triplicate values ▸ membrane surface. Thus, we suggest that IETI antifungal activity is triggered intracellularly, without directly affecting the plasma membrane, thus corroborating the results obtained with different Candida spp.
The use of natural compounds to treat microorganisms that are pathogenic to humans is increasing, partly motivated by episodes of overwhelming microbial resistance against commercial drugs (Sanglard et al. 1995; Sanglard and Odds 2002) . Some plant molecules, such as defensins, PIs and antimicrobial peptides (AMPs) possess antifungal activities, as have been previously reported. The mechanism of action of these molecules is often mediated by the generation of reactive oxygen species (ROS). ROS cause oxidative stress and damage, and can lead to cell death. Several defensins interact with intracellular targets, leading to the overproduction of ROS (Vriens et al. 2014; Thery and Arendt 2018) and linear AMPs (Huang et al. 2010 ). An evaluation of the antifungal activity of the synthetic cowpea defensin, Cpthionin II (Thery and Arendt 2018) , showed that this enzyme displays variable inhibition of fungal growth for different species (Fusarium culmorum, Aspergillus niger and Penicillium expansum) , but that these effects are not sufficient to cause cell death. The antifungal activities of defensins may be modified by the presence of divalent cations (Vriens et al. 2014) ; moreover, the antifungal activities of some AMPs are also affected by the presence of cations (Bahar and Ren 2013; Kraszewska et al. 2016) . Cations appear to affect the activities of these proteins by weakening the electrostatic interactions between these cationic molecules and the negatively charged membrane of microbial cells (Wu et al. 2003) . Other effects include structural changes in the AMPs (Oard and Karki 2006) , or stabilization of the microbial membrane by cations (Thevissen et al. 1999a; Thery and Arendt 2018) . Another major concern for the application of AMPs is their sensitivity to proteolytic digestion by fungal peptidases. All these issues might compromise the commercial application of AMPs and defensins against fungal infections.
As such, PIs might present useful alternatives to bypass issues with digestion, sensibility to the presence of cations and electrostatic interactions reported for alternative molecules. PIs could trigger apoptosis in yeasts, blocking some important serine peptidases, such as metacaspases (Madeo et al. 1999 ) and nuclear mediator of apoptosis (Nma111p) (Carmona-Gutierrez et al. 2010 ). Metacaspases are orthologues of mammalian caspases with specificity for cleavage of the basic amino acids, Arg and Lys. These residues are commonly found in reactive sites in Kunitz inhibitors. Alternatively, the inhibition of nuclear mediators of apoptosis, serine peptidases also involved in yeast apoptosis, might be involved in the mechanism of action of PIs. Therefore, the use of PIs instead of defensins and AMPs may be preferred due to their specific and high-affinity interaction with vital peptidases, rather than depending upon cation concentration and the absence of proteolytic enzymes. Since part of the pathogenic mechanism of fungal infection involves the secretion of peptidases (Abad-Zapatero et al. 1996) , the application of PIs to control fungal infections is pertinent. Molecules based on PIs could initially be designed and used to control topical infections. The experiments performed herein were performed for a few genera of microorganisms; we are carrying out further experiments with different species and models, as should also be done for other PIs.
In summary, we have purified and characterized a trypsin inhibitor from I. edulis, which to our knowledge is the third PI to be purified from Inga genus. IETI is a singleheaded Kunitz inhibitor that shares common features with the Kunitz family, such as thermal and pH stability. The reactive site of IETI is maintained in its native conformation due to the presence of a disulfide bridge; the reduction of this disulfide bridge with DTT abolishes the inhibitory activity of IETI. The antifungal activity of IETI is mediated by its alteration of the plasma membrane, diverting energetic metabolism from physiological function to repair and inducing morphological alterations that affect cell viability or even trigger apoptosis by complexing with vital enzymes in this pathway. The potential use of PIs as antifungal compounds should be encouraged. ) for 24 h. Optical readings were measured at 620 nm and results represent the mean ± standard deviation of triplicate values
